Featured Application: Described smart sensor can be used as an element of externally bonded FRP strengthening system of structures. Its use in key localizations will allow monitoring stress state while maintaining strengthening properties of carbon fibers.
1. Introduction
Strain Gauge Errors and Compensation
In laboratory conditions, it is possible to control temperature and humidity, and the sensors are treated with due care. The situation is completely different in field applications when the ability to control the sensor is limited, and exposure to the periodic impact of environmental factors, or even accidental damage is a natural risk. There is no doubt, that strain gauge after installation must be protected against mechanical, physical and chemical impacts. Absolute protection is possible by hermetic sealing. However, this method can be easily applied to relatively small, industrial sensors. In construction engineering, the sensor is often part of the structure. Examples are Fiber Optic Sensors (FOS) [1, 2] based on Bragg Grating (FBG) or Carbon Fiber Sensing [3] . Reading zone of such devices covers a large area. In such cases, an additional thick hermetic layer may be too expensive. Besides, due to its stiffness, it could also disturb the value of deformation measurement. For these reasons, the practical application of sensors requires the recognition of their characteristics under different operating conditions and the development of error compensation methods.
Between the potential sources of strain gauge errors are:  the apparent strain caused by temperature variation [4, 5] , including heating caused by excitation voltage [6] ,  gauge factor variation [7] ,  moisture and humidity effects [7, 8] ,  lead wire effects [9] ,  transverse strain sensitivity [5] . The sensitivity of the strain sensor to temperature and humidity found during the first tests [10] lead the authors to conduct a broader study of the influence of these factors. The paper will discuss their first part concerning the effect of humidity on the measured resistance value.
Strain Sensor Based on Carbon Fibers
Strengthening of concrete with the use of externally bonded overlays based on high strength fibers is currently the easiest, fastest and very effective method of increasing the load-bearing capacity of building structures. Fiber reinforced composites, regardless of their superb strength to weight ratio, high specific stiffness, and significant chemical adhesion, they also have drawbacks, among which must be mentioned brittleness, unknown durability, stress rupture and in case of some fibers and resins sensitivity to certain environmental factors. The most popular carbon fibers have one more feature -they are electric conductors. The authors of this paper used this feature for the construction of a self-monitoring structural strengthening. Tests carried out on reinforced concrete, and timber beams confirmed the effectiveness of strengthening the structure (comparable to one layer of laminated carbon mat) and the simultaneous ability to measure strains in the strengthened zone [3] .
Actually tested, the third generation of sensor consists of wiggly lead continuous carbon fiber thread (zig-zag pattern typical for the majority of strain gauges). The thread is stabilized by fastening to the composite mesh matrix commonly used as a plaster reinforcement (Fig. 1) . Compared to the previously developed woven modifications [11] , this construction allows the creation of a sensor of any length under conditions of building side. Glass fiber mesh stabilization reduces the risk of accidental short-circuiting during the assembly of the sensor. There is no need for additional separating acrylic threads. The parallel alignment of the carbon tow multiplies the length of the measuring base and thus improves the accuracy of the measurement. 
Effect of moisture and humidity on the gauge resistance
The construction of foil strain gauges assures relatively good resistance to the risk of errors associated with changes of humidity. The dominant view is that the effect of humidity should be concerned when long term measurement is planned, or environmental conditions may be unfavorable [5] . The influence of humidity usually results from ingress of moisture and chance current flow between wires, what changes the nominal resistance of the gauge. Other factors may be related to corrosion, changes in the local properties of materials [12] , degradation of backing. Undoubtedly, the size of the sensor may influence the humidity error.
Development of self-sensing textiles for construction engineering is nowadays based mainly on the optical systems. Self-sensing fibers are in the initial stage of the research which mainly focuses on the short fibers dispersed in the matrix [13] . In the case of a textile sensor based on continuous fibers, some references can only be found in the studies on the humidity effects on the performance of temperature sensing fabric. Such researches [14, 15] show the relatively high sensitivity of textile sensors to relative humidity RH. The relative increase of resistance at the level of 20% is unacceptable when measuring a deformation of building structures. In the case of the developed textile sensor, this unfavorable phenomenon should improve the encapsulation of carbon fibers in the epoxy resin after the lamination process. Cured epoxies have dielectric properties. Thanks to that they are used for coating and encapsulating electrical circuits. Dielectric permittivity of epoxy resins is around 3÷6, their dielectric strength 120÷180 kV/mm and the volume resistivity 10 19 ÷10 12 Ω/m [16] . Such a characteristic allows the movement of electrons along the carbon fibers. However, they can also be transmitted between the adjacent fibers. Transverse conductivity, in this case, depends mainly on the distance between the fibers, but could also be influenced by the shape or pre-treatment of fibers [17] . The transport of electron across an insulator gap is referred to as tunneling. This process is sensitive to the gap width and height of the potential barrier to be penetrated [17] .
Dielectric properties of epoxies can be degraded due to their permeability and absorption of water [16] . The absorbed water can promote electrolytic conducting between parallel bundles of carbon fibers, thus changing the resistance of the sensor. The aim of the research described in the further part of the paper is first of all to determine the scale of this phenomenon and possible consequences for the gauge error.
Materials and Methods

Test equipment
The following test equipment has been used during the test:  A UNI-MORS Climatic Chamber (LM 14/2012) with internal dimensions of 1.5 × 0.6 × 0.5 m, allowing temperature changes in the range of -30 to +90 ⁰C and RH in the range of 20% to 95%.  64 channel Wheatstone bridge Z-TECH.  Reference, foil strain gauges type PFL-30-11 (Tokyo Sokki Kenkyujo Co.), 30 mm long, gauge factor 2.13, gauge resistance 120±0.3 Ω.
Preparation of the test sample
After attaching the carbon fibers to the glass fiber mesh, the ready sensor was adhered to the concrete prism with dimensions of 1000 × 200 x 60 mm. Two-component epoxy S&P Resin 55HP was used for this purpose. This specific adhesive is intended for fixing carbon sheets to various types of substrate. Wet lay-up technology was applied. First, the substrate was impregnated, then the sensor was placed, the carbon fibers were aligned and saturated with resin. The adhesive layer was leveled with a roller.
A single thread of conductive carbon fiber was delivered by the FISIPE Synthetic Fiber Company. The rowing consists of 24000 filaments (1600 tex). The tensile strength of carbon fiber is equal to 5000 MPa, modulus of elasticity 270 GPa and an ultimate elongation at break 1,9 %. Filament resistivity is equal to 14 μΩm. The sensor has a length of 1 meter, contains 18 parallel threads, its initial resistance, measured at the beginning of the test was equal to 254 Ω.
On the surface of the sample, reference foil gauges were adhered in the arrangement shown in Figure 3 . The reference gauges were placed both the side of the textile sensor and on the rear side, on the concrete surface. 
Test procedure
To allow the samples to reach equilibrium with the climatic environment, before the beginning of the test they were kept inside the climatic chamber for a minimum of 12 hours.
After placing in the climatic chamber, a control measurement was carried using a simple ohmmeter to check initial resistance and to exclude accidental short circuit. Then the textile sensor was connected to the Wheatstone bridge, the chamber was closed, and the test started.
During the test, the actual humidity was saved by the chamber controller and at the same time resistance changes expressed by apparent strains were recorded every 60 seconds through a computer connected to the Wheatstone bridge.
An isothermal experimental cycle was applied, in which the temperature was kept constant, while the relative humidity (RH) was varied between the 30% and 90%. Two types of such cycles were provided:
• stabilization of temperature and humidity at 60%, its increase to 90% and minimum 1-hour break for the stabilization of readings, decrease of humidity to 60% and 1 hour pause, then continue to reduce humidity by up to 30% and another pause to stabilize the measurement, return to the humidity of 60%, • stabilization of temperature and humidity at 60%, its increase to 70% and minimum 20 minutes break and such an incremental increase up to 90%, then gradually reduce the humidity by 10% with breaks of 20 minutes, up to 30%, and similar return to a humidity of 60%.
Each described above cycle procedure was repeated at a constant temperature of +10 ⁰C, + 20 ⁰C and +30 ⁰C.
Results and Discussion
The test results for cycles with rapid change in relative humidity are shown in separate graphs (Fig. 4÷9) . The chamber control system does not allow to determine the rate of humidity change, besides, change in resistance appeared with a certain delay to humidity. To demonstrate this phenomenon, the graphs are shown as a function of time and supplemented with the characteristics of humidity changes. The graphs also show averaged measurements made with the use of reference foil gauges placed on both sides of the sample. To estimate the magnitude of the error, resistance changes are shown in strain units calculated in accordance with specific gauge factors. This reflects the assessment of the error concerning the underestimated or overrated value of stresses. For example, for an average carbon fiber with a modulus of elasticity of approximately 190 GPa and a strength of 2500 MPa, the strain of 1 ‰ means an error of 7% strength and even about 15% of the strain at which delamination failure may occur. The following graphs (Fig. 7÷9) show the change in the stress in the cycles of gradual variation of relative humidity. As in the previous graphs, the process of humidity changes during the test is shown below each graph. From the presented results, the following statements can be formulated: •
The largest recorded error in the form of apparent strain is almost 0.6% (Fig. 6 ). In the diagnostics of CFRP composites, this means an error of around 5% of carbon fiber strength and 10% of strain, which often causes the failure due to delamination. These are significant values, especially for one source of gauge error.

The gauge error is higher in a humid environment than in a dry environment, what indicates the moistening as the primary source of resistance changes.  In higher humidity, especially above RH 80%, the resistance decrease is more intense, which may result from the growing penetration of moisture into the structure of epoxy matrix and the formation of electrolytic solutions therein.  At higher temperatures, the effect of humidity increases, the difference for temperatures +10 and + 30 °C is relatively 35%. The probable reason for this phenomenon may be increasing absolute humidity at higher temperatures or change in permeability of epoxides.
The change in resistance is delayed to the change in humidity. For an immediate change in humidity, the resistance stabilizes after at least one hour, although the time required for stabilizing the measurement depends on the scale of the humidity change. The probable cause of the delay is the long-term process of moisture exchange between the composite and the air.  Due to the delay described above, the measurement at the end of the cycle, at 60% humidity, does not return entirely to the zero point.
At a similar rate of humidity change, the resistance decrease (indicated as an increase of apparent strain) is faster than its increase. The causes that the function of apparent strain vs relative humidity has a different course for the process of humidity rise and its decrease (Fig. 10) . This means that a mathematical description of this change would also have to contain information about the direction of humidity changes. The analysis of the position of the functions in Figure 10 also shows that the position of the cycle curves is the most similar at 30 °C. The cause may be a slightly easier moisture exchange at a higher temperature, especially more intensive drying. 
Conclusions
The test results show that relative humidity significantly affects the measurement of deformations using a developed textile sensor. Reading error can be over twenty times higher than when using traditional plastic strain gauges.
The sensor is particularly sensitive to the relative humidity increase in the range of 60÷90 %. Changes in resistance in a dry environment, for RH below 60% are several times smaller. Such properties clearly show that the reason for the changes in resistance is too large permeability of the epoxy resin and its moistening in the humid environment.
There could be noticed a delay in resistance changes in relation to relative humidity changes. This phenomenon refers more to the process of reducing humidity, which may mean a faster process of moistening the epoxy matrix than drying it.
The gauge error found during the tests in a humid environment is unacceptable in practical applications. Due to the delay in resistance changes, the mathematical calibration of the measurement may be unreliable, especially in the case of rapid changes in humidity (e.g. the following rain and drying with the sun activity). A useful improvement can be the application of a thin, impermeable protective layer on the surface of the sensor. Research on the implementation of such a layer will be the next step in the development of a textile sensor for simultaneous monitoring and reinforcement of the structure. 
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